In this seminar we will review several experimental and theoretical aspects of two very important problems of material failure: crack precursors and crack prediction. We will summarize the results of several experiments and numerical simulations that we have performed in order to give new insight on these two important problems. Specifically the acoustic emission of fracture precursors, and the failure time of samples made of heterogeneous materials (wood, fiberglass) are studied as a function of the load features and geometry [1, 2, 3, 4] . The accurate study of the localization and of the statistics of acoustic emission is indeed very important in order to compare the experimental results with those of percolation and critical models for crack formation. A typical example of microcrack localization in a large cylindrical sample is described in fig.1 Once the microcracks have been localized we study the statistics of the time interval δt between events (precursors) and the acoustic energy ε of each event. We find that they are power law distributed and that the exponents of these power laws depend on the load history and on the material. An example is shown in fig.2 [1, 2, 3, 4] When the sample failure is produced by an imposed stress (see fig.3a ) the cumulative acoustic energy E, that is the integral of ε as a function of time, presents a critical divergence near the failure time τ , which is
It is important to point out that this critical behavior is observed only if the stress is imposed, whereas no power law is observed when the strain is imposed,see fig.3b ). Notably the positive exponent γ, in eq.1, is independent, within error bars, on all the experimental parameters (loading speed and materials). The failure time is, of course a function of the applied stress, which can be constant or a function of time. If a constant pressure P is applied to a sample, we found that in heterogeneous materials the failure time τ has a functional dependence on P which is predicted with a good accuracy by a model of microcrack nucleation proposed by Pomeau [3, 4] , specifically:
where P is the external constant pressure applied to the sample and [1, 2, 3, 4] . In a) the broken wood sample is shown. We clearly distinguish the main final cracks. When a sample is submitted to an external stress, sound is emitted by microcracks appearing before the final failure. In b) the small circles represent the sources of acoustic waves detected and localized by mean of four detectors. In c), we superpose the figure a) and b). We clearly see that the density of acoustic sources (microcracks) is very large on the final cracks. The final crack is produced by the nucleation of many microcracks. This picture is qualitatively similar to that of percolation models for cracks. , where τ is the failure time of the sample. a) The sample is submitted to a linearly increasing pressure ramp. b) The sample is submitted to a linearly increasing strain ramp. We clearly see that in a)
The exponent γ is independent within error bars by the loading speed and by the sample material. No critical behaviour is observed in b) when the strain is imposed Figure 4 : Life time of a sample submitted at a constant external pressure P . The life time τ is plotted as a function of P −4 . The continuous line is the fit with eq.2. The dashed line is a best fit of the data using Mori or Zurkov laws. We clearly see that the fit with eq.2 is much better than the other ones
is a parameter which depends on the temperature T, the Young modulus Y and the surface energy Γ of the material. A typical result of the experiments is shown in fig.4 , where the life time of a large cylindrical sample is plotted as a function of P −4 . We see the excellent agreement between the experimental points and the fit performed using eq.2. We have extended this model to time dependent P (see ref. [3, 4] for details) and we find an excellent agreement with the experimental data. It is interesting to notice that even in the case when a constant pressure is applied to the sample the cumulative acoustic energy E has the dependence on time described by eq.1. Thus the dependence of E on the reduced time (τ − t)/τ , shown in fig.3 , turns out to be a new type of critical behavior where the control parameter is only the time [4] . All the other parameter of the experiments are indeed taken into account by τ . In spite of the good agreement between the experimental data of τ and the functional dependence on P , given by eq.2, the activation model fails to reproduce in a quantitative way the experimental results, mainly in the temperature dependence [3, 4] . Motivated by this discrepancy we have investigated in simple models (the fiber bundle model) the role of disorder on the fracture produced by a thermal activation of microcracks [5, 6] . We find that the presence of disorder (heterogeneity) contributes to increasing the effective temperature of a sample subject to a constant load. Equivalently, but perhaps more physically, one can state that disorder renormalizes the barrier height to be overcome in order to give rise to a macroscopic failure of the fiber bundle. This scenario can be understood by noticing that the fracture evolves through a sequence of many irreversible processes. After the failure of the weakest fibers, the system cannot any longer come back to its initial state, while, at the same time, the energy barrier has lowered. Although the fiber models explain the existence of a large effective temperature, they present a dependence on P which is quite different from that of eq.2, which is not yet completely understood.
In order to give new insight into this problem we have studied, the role of an activation processes in the propagation of a single crack in a thin sheet of papers submitted to a tensile force F . The statistical and mean dynamical properties turn out to be in excellent agreement with the numerical and analytical results of a 2D elastic model where crack growth is controlled by the thermal noise [7, 8] . In the experiment, we observe that the crack progresses by jumps as it can be seen in fig.5a ), where time is plotted as a function of the crack length L. The mean behaviour, obtained as the average of many experiments performed in the same conditions, is plotted in the insert of fig.5a ). The dotted line is the prediction of the 2D elastic model [7] , that is
where L i is the initial crack length, l o a characteristic length, and τ is the life time of the sample. The experimental data plotted in the insert of fig.5a ) are in very good agreement with the functional form of eq.3. The 2D elastic model of crack thermal activation predicts also the probability density function p(s) of the crack jump sizes s. An example is given in fig.5b ), where p(s) are plotted for various values of the stress intensity fac-
Here W is the width of the sample, h its thickness and g(L/W ) takes into account the finite size effects. We see the good agreement between the measured PDF and the predicted ones. Finally the 2D model predicts for τ the following dependence on
where K c is the toughness of the material, that is its critical stress intensity factor. The measured τ of thin sheets of paper seem to have the functional dependence on K i of eq.4, but at the moment the statistic on τ is not yet enough to make an accurate statement. As a conclusion, we have shown that slow crack nucleation in heterogeneous materials presents, close to the failure time of the samples, several critical features. We have also seen that the real control parameter of this critical behavior is time and all the other parameters of the experiments (elastic properties of the materials, loading speed etc) are taken into account by the time of life τ . The functional behaviour of τ on the applied stress is predicted by activation models, which, in the case of experiments in thin sheets of papers, can predict also the statistics of crack jumps and the mean behaviour of the crack. However many problems are still open for understanding the role of activation processes in crack formation. The main one is the dependence on temperature of the life time. Indeed in all of the experiments the temperature estimated by the models is much higher than the real one. We a) Figure 5 : Experiment on the slow crack propagation on a sheet of paper. a) Time is plotted as function of the crack length for a single experiment. The plot shows crack jumps and crack arrest. In insert, average time to reach L (10 experiments with F = 270N and L i = 1cm) and prediction for thermally activated growth from eq.3 [7] (dotted curve). b) Step size distributions (symbols) for various values of the stress intensity factor. The continuous lines are best fits of experimental data done using the predictions of the 2D elastic model of thermally activated crack.
have shown that, in simple models, the disorder of the material strongly enhances the role of thermal fluctuations. However the correspondence of these theoretical results on real systems is still unclear. Furthermore there is another important open problem, specifically the different dependence of τ on the applied stress for systems close to 2D (eq.4) and for 3D systems (eq.2). Both equations seem to fit the experimental data. However one may wonder whether eq.2 is an approximation of a much more complex behaviour. The final question concerns the role of viscoelasticity in the delayed crack. This role is still unclear in these systems. All these problems requires many new experiments in order to solve them. Work is in progress.
